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Abstract 
Al-Si alloys are widely used in the automotive and aerospace industries. Porosity is 
considered to be a major defect in these cast alloys. In this study, the effect of strontium (Sr) 
modification on porosity formation and intermetallic formation in Al-Si alloys is quantified 
using X-ray tomography. Quantitative information such as average pore size, shape, pore 
distribution and intermetallic particle size distribution were evaluated for Sr modified and 
unmodified Al-Si alloys. Results show that the addition of 400 ppm of Sr increases the 
porosity by 10% as compared to unmodified Al-Si alloy. Further, Sr addition increases the 
average equivalent diameter of pores from 2 µm to 18 µm compared to unmodified alloys. A 
greater number of larger pores were found in the Sr modified alloy, whereas the number of 
small sized pores was significantly higher in unmodified alloy. The addition of 400 ppm of Sr 
results in formation of Al-Si-Sr intermetallics with an average equivalent diameter of 4.5 µm.   
It can be hypothesised that these intermetallic particles act as heterogeneous sites for pore 
nucleation and significant further growth of porosity in Sr modified alloys.  
Keywords: Al-Si alloys, Sr modification, micro porosity, Al2Si2Sr intermetallics, X-ray 
tomography. 
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1. Introduction 
Aluminium-Silicon (Al-Si) alloys are widely used in the automotive, aerospace and casting 
industries due to their excellent strength to weight ratio, high corrosion resistance, good 
weldability, excellent mechanical and performance properties [1]. Eutectic silicon appears in 
the form of needles or platelets which results in poor mechanical properties of these alloys. 
To reduce this effect, these alloys are usually treated with trace level additions of modifying 
elements such as sodium or strontium and rare earth elements etc. [1,2]. Strontium is 
typically used due to its high retention and low over-modification issues in cast Al-Si alloys. 
Although strontium modification improves microstructure and mechanical properties [1–3], it 
also results in a significant increase in porosity that negatively impacts the fatigue properties 
of cast alloy [4–8].  
Porosity in Al-Si cast alloys occurs as gas porosity or shrinkage porosity [9]. Emadi et al [9] 
list several factors that could lead to an increase in porosity due to strontium modification in 
Al-Si alloys; an increase in hydrogen content of melt, an absorption of hydrogen to oxides, a 
decrease in solubility of hydrogen during solidification, a depression in eutectic temperature, 
an increase in inclusion content, a decrease in surface tension of molten metal and an 
increased volumetric shrinkage of the alloy. Emadi et al [9] noted that addition of 0.01 wt% 
Sr to A356 alloy decreases the surface tension by 19% and increases the volumetric shrinkage 
by 12%. Furthermore, it was observed that the modification treatment promotes the early 
formation of pores during solidification thus allowing more time for large pores to develop 
[9,10]. Several studies suggested that in unmodified alloys the eutectic liquid seemed to flow 
between interdendritic regions, while, Sr modification affects the bifilms’ retention in liquid 
which restricts the mobility of liquid into interdendritic regions thereby increasing porosity 
content in the alloys [11–13].  A number of studies have shown that the presence of oxides 
increases porosity by decreasing the fluidity of the melt [14–18].
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Though much research has been carried out to understand the porosity formation in Sr 
modified alloys, the mechanism is still unclear. Understanding porosity formation and its 
increase in Sr modified Al-Si alloys is essential to improve the melt quality, mechanical 
properties and to reduce hot tearing and wastage of castings. This porosity is one of the main 
reasons for fatigue cracks initiation in the castings [19–22]. Researchers have observed a 
direct correlation between pore size and shape to resultant fatigue life of cast components 
[19,23].  Most of these studies were carried out using conventional microscopy techniques 
which provides 2D microstructural images of pores, used to predict the mechanical properties 
of Al-Si alloys. Since pores will have different shapes and morphologies in different 
orientations, it is essential to visualise and quantify them in 3D to better predict the 
mechanical properties of these alloys.   
X-ray Computed Tomography (XCT) is a powerful non-destructive technique which provides 
a three-dimensional (3D) visualisation of internal structure inhomogeneities representative of 
bulk sample [24–26]. XCT has been applied in numerous fields of research such as medical 
[27], geology [28] and civil engineering [29]. Several XCT studies were carried out in the 
past on characterising porosity in Al alloys using XCT and using this data in predicting 
fatigue properties of these alloys. However, the resolutions obtained in these studies varied 
between 1.7 – 30 µm [30–34]. In this study, for the first time, lab-based submicron resolution 
XCT was used to visualise and quantify porosity in Sr modified Al-Si alloys and compare to 
an unmodified alloy. Furthermore, the formation of Al-Si-Sr intermetallics in Sr modified Al-
Si alloys were studied using XCT and SEM analysis.  
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2. Experimental Methods 
2.1 Alloy preparation 
Al-7Si (wt%) alloy was prepared by melting 99.999% purity aluminium (NewMet, UK) in a 
clay graphite crucible using a Carbolite RHF1500 high temperature chamber furnace. High 
purity (99.999%) silicon (Alfa Aeser, UK) was added to the molten aluminium and stirred to 
ensure mixing of silicon in the melt. Once the silicon dissolved in the melt, the mixture was 
poured into a graphite cylindrical mould (12 mm diameter, 85 mm deep). A portion of the Al-
7Si alloy was then used to prepare modified Al-7Si-0.04Sr (wt%) alloy. When the Al-7Si 
alloy was in a molten state, the Al-10Sr (wt%) master alloy was added to the melt, and 
returned to the same mould. The cooling rate was approximately 75 °C/s. For XCT 
measurements, samples with a diameter of 1 mm were machined from the centre of the cast 
using wire EDM.   
2.2 X-ray computed tomography 
XCT measurements were performed using the Zeiss Versa 520 system. The cylindrical 
samples with 1 mm diameter were mounted on the rotating stage in the XCT machine.  As X-
rays pass through the sample, they are either attenuated or pass through the sample resulting 
in a grey-scale radiograph on the detector screen. Numerous radiographic projections 
obtained through a 360 degree rotation were then reconstructed into a 3D volume through the 
process of filtered back projection. The volume consisted of a number of 3D pixels called 
voxels with an associated grey value between 0 and 65535, proportional to the attenuation of 
the material. 
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Table 1:  X-ray tomography scanning parameters 
Voltage (kV) 80 
Power (W) 7 
Exposure (s) 24 
Filter (SiO2, mm) 0.35 
Number of Projections 3201 
Voxel size (nm) 390 
 
The XCT scan parameters are given in table 1. In the scans provided for this study a 20x 
optic was used in combination with a 2000 * 2000 pixel detector. This resulted in a 390 nm 
voxel size in the reconstructed volume, measuring 780 * 780 *780 microns. The imaged 
volumes were segmented using a watershed based algorithm in Avizo 9.3 (FEI, USA) [35]. 
The principles of image segmentation and XCT operation can be found in an earlier 
publication [36]. 
2.3 Cooling curves 
The progression of solidification of the two samples was analysed by examining their 
respective cooling curves. Approximately 15 g of each sample were placed in a clay graphite 
crucible and melted at 750 °C in an electrical resistance furnace. Once molten, the crucible 
was taken out and immediately a K-type thermocouple was inserted below the surface of the 
melt. The cooling curve was collected using a data logger recording at 10 Hz. A cooling rate 
of 1.2 °C/s was observed. 
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3. Results and Discussion 
 
 
Figure 1: Optical microscopy images of (a) Al-7Si, and (b) Al-7Si-0.04Sr. 
 
Figure 1 shows the optical microscopy images of Al-7Si and Al-7Si-0.04Sr modified alloys. 
It is clearly evident from figure 1 that there is a significant difference in the porosity 
distribution in the two alloys. The unmodified alloy shows less porosity with a few small 
pores as represented in figure 1 (a), while, the modified alloy shows higher porosity with the 
presence of large pores shown in figure 1 (b). Figure 2 (a and b) shows XY ortho slices in Al-
7Si and Al-7Si-0.04Sr alloy samples respectively from XCT measurements. It is evident that 
the Al-7Si unmodified alloy contains very fine pores (fig 2a), whereas the Al-7Si-0.04Sr 
modified alloy contains extremely large pores (fig 2b). The insets in these images represent 
higher magnification images showing different pore features in the two alloys. As shown in 
figure 2 (a), an area is magnified for highlighting small pores in the unmodified alloy. In the 
modified alloy, the magnified image figure 2 (b) clearly shows the presence of intermetallic 
particles represented by bright spots. The scanned samples were taken from the centre of the 
alloy castings where it is known that porosity is higher [37]. Figure 2 (c and d) represents the 
complete three-dimensional reconstructions of porosity and intermetallic particles in 
unmodified and Sr modified Al-Si alloys respectively. The green, blue and red colours in 
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figure 2 (c and d) represents the Al matrix, porosity and intermetallic particles in cast alloys 
respectively.  
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Figure 2: XY ortho slices in (a) Al-7Si showing the presence of small pores and (b) Al-7Si-
0.04Sr showing the presence of a large pore and smaller intermetallic particles. The insets 
show higher magnification images. In the Al-7Si inset, the small pores can be observed 
better, whereas in the Al-7Si-0.04Sr the intermetallics surrounding the pore are highlighted. 
Full 3D reconstructed images of (c) Al-7Si alloy showing the matrix (green) and pores (blue) 
and (d) Al-7Si-0.04Sr alloy showing the matrix (green), pores (blue) and particles (red). 
 
In figure 3 the matrix is removed from view displaying only the pores. Since the pores are 
particularly small in the Al-Si alloy, they have been dilated 3x for visualisation purposes. The 
unmodified Al-Si alloy contains a large number of small pores (figure 3a) which are mainly 
located in the central region of the sample, compared to the significantly larger pores 
observed with the addition of Sr (figure 3b). There are still a limited number of smaller pores 
in the Al-Si-Sr alloy, but the large pores dominate the image. In order to visualise the smaller 
pores, the larger pores have been removed and the smaller pores dilated by 3x in figure 3 (c). 
Furthermore it can be noted that in figure 3 (b) the pores are in contact with the edge of the 
boundary box. This suggests that these pores extend beyond the boundary box and thus it is 
likely that the sizes of these pores is underestimated. 
M
AN
US
CR
IP
T
 
AC
CE
PT
ED
ACCEPTED MANUSCRIPT
9 
 
 
 
 
Figure 3: 3D reconstruction of pores from XCT data in (a) Al-7Si, (b) Al-7Si-0.04Sr and (c) 
Al-7Si-0.04Sr following the removal of large pores. For visualisation purposes the pores in 
(a) and (c) were dilated by 3x. 
 
To assess the porosity shape and size distribution in unmodified and modified alloys, XCT 
data was analysed using Avizo and is presented in figure 4. Figure 4 (a) shows that the vast 
majority of the pores in the Al-7Si alloy were found to have an equivalent diameter which is 
less than 2 µm, with the largest pore having an equivalent diameter which is approximately 4 
µm. In order to understand the shape change of pores due to Sr addition, sphericity 
calculations were performed using equation 1.  Sphericity is a measure of how spherical a 
feature is where, a sphericity value of 1 represents a  perfect spherical shape of the pore [38]. 
 


	



	
        (1) 
In equation 1,   represents the sphericity, Vp represents the volume of a pore, Ap represents 
the area of a pore. Figure 4 (b and c) represents the sphericity analysis of Al-7Si. Figure 4 (b) 
shows that the sphericity value for most of the pores in unmodified alloys is in the range 
between 0.8 and 0.9 which represents that the pores are close to spherical in shape in 
unmodified alloy. Figure 4 (c) shows how sphericity varies with the volume of the particle. It 
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can be noted that almost all pores with an equivalent diameter greater than 2 µm have a 
sphericity value between 0.7 and 1.0 showing that a pore nucleates in an almost spherical 
shape. This spherical shape can change as the pore grows further with more diffusion of 
hydrogen into the nucleated pore during solidification of alloy casting.  
Figure 4 (d-f) represents quantification of porosity in the Al-7Si-0.04Sr modified alloy. As 
shown in figure 4 (d), the modified alloy shows a significant number of large pores with an 
equivalent diameter >5 µm. Further it is evident that, the number of small sized pores with an 
equivalent diameter >2 µm, were found to be less in number in the modified alloy as 
compared to the unmodified alloy. The modified alloy shows presence of small pores with an 
equivalent diameter of 2.5 - 4 µm as well as large pores with an equivalent diameter of 5 µm 
and above as shown in figure 4 (d). Similar observations were made by Lashkari et al [31] in 
which they attributed the large size pores formation to hydrogen gas solubility in the alloy 
and small pores formation to the local entrapment of liquid metal at the end of interdendritic 
feeding. It is well known that gas pores form in spherical shape but as solidification proceeds, 
more hydrogen diffuses into already nucleated pores resulting in their growth and ultimately 
large pore formation in the casting.  Figure 4 (e) represents the sphericity of pores in the Al-
7Si-0.04Sr modified alloy. The sphericity of pores in the modified alloy is largely confined to 
values between 0.6 and 0.8, with the exception of a countable few that are very low in 
sphericity and correlate to the largest pores. Even eliminating these exceptions, the sphericity 
of the pores in the modified alloy is lower than the Al-7Si cast. This observation is in 
contradiction to Liao et al’s [4] study where they noted that the sphericity in modified alloys 
is higher compared to unmodified alloys. The presented data is of higher resolution than the 
previous study, which could account for differences in the perceived sphericity.   
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Figure 4: Data obtained from XCT for (a-c) Al-7Si, (d-f) Al-7Si-0.04Sr alloy. (a, d) Size 
distribution of porosity, (b, e) Sphericity of the pores, (c, f) Relationship of sphericity to the 
size of the pores.  Note that the y-scale is different for the two different samples. 
 
Figure 5 (a and b) represents the magnified images of a single largest pore in Al-7Si and Al-
7Si-0.04Sr alloys respectively. The largest pore in Al-7Si is close to a spherical shape and is 
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approximately 0.01 mm in diameter, compared to the Sr modified alloy that is nearly 100 
times larger and distinctly non-spherical. This shape of the largest pore in the modified alloy 
is indicative of shrinkage porosity as it shows the inter-dendritic shape resulting from lack of 
mass feeding. This kind of dendritic arm impingement on the pore has previously been 
reported in Al-Si alloys with Si content (<10%) in the alloys [39].  
 
 
 
 
Figure 5: 3D reconstructed images of the largest pores in (a) Al-7Si, (b) Al-7Si-0.04Sr. 
 
A numerical comparison of the porosity is given in table 2. It is clear from table 2 that the 
porosity is only 0.00006% in unmodified alloy, while that in the Sr modified alloy is greater 
than 10%. Similar observations were made by previous researchers where they noted a 
reduction in the number of pores but the overall porosity increases due to modification with 
Sr in Al-Si alloys [4]. This is further shown by comparing the average and maximum pore 
volumes in the sample, where the maximum pore volume in the Sr modified alloy was found 
to be six orders of magnitude greater than the unmodified alloy.  
Table 2: Quantitative information of porosity in Al-7Si and Al-7Si-0.04Sr alloys as well as 
and intermetallic particles in Al-7Si-0.04Sr.  
 Al-7Si Al-7Si-0.04Sr 
Total volume analysed (mm3) 0.290 0.336 
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Pore percentage (%) 0.00006 11.101 
Particle percentage (%) - 0.034 
Average pore equivalent diameter (µm) 2.03 18.30 
Maximum pore equivalent diameter (µm) 3.94 381.00 
Average intermetallic equivalent diameter (µm) - 4.52 
Maximum intermetallic equivalent diameter (µm) - 10.66 
 
Figure 6 shows the presence and quantification of intermetallic particles in the Al-7Si-0.04Sr 
alloy.  The 3D reconstruction of these particles within the alloy is shown in figure 6 (a), 
where an even spatial distribution is observed. Figure 6 (b) shows the size distribution of 
these particles where the majority are less than 6 µm, however a few exceed an equivalent 
diameter of 10 µm. Similar to pores, the sphericity of these intermetallic particles was also 
investigated as shown in figure 6 (c and d). Figure 6 (c) shows that majority of intermetallic 
particles were close to a value between 0.9 and 1, demonstrating a strongly spherical nature.  
Furthermore, very few particles (0.3%) have a sphericity value less than 0.8. Figure 6 (d) 
shows that sphericity values between 0.9 and 1.0 are mainly occupied by particles with an 
equivalent diameter less than 6 µm, whilst larger particles tend to be less spherical. Figure 6 
(e) shows a magnified image of the largest intermetallic particle in the Sr modified alloy. 
Miresmaeili et al [40] have observed similar intermetallic particles in A356 alloy modified by 
0.04 wt% Sr by SEM, a 2D technique. Sigworth et al [41] note that the usual amount of Sr 
required for modification is in the range 100-200 ppm and any amount higher than 200 ppm 
would result in formation of Al-Si-Sr intermetallic compounds.  The reason for formation of 
these particles in the Sr modified alloy in this study is most probably due to higher amounts 
of Sr in the melt.  
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Figure 6: XCT and SEM-EDX data for intermetallic particles in Al-7Si-0.04Sr alloy. (a) 
3D reconstruction of particles in the alloy, (b) Size distribution of porosity, (c) Sphericity 
of the pores, (d) Relationship of sphericity to the size of the pores, (e) largest particle in 
alloy. 
 
In this research, these intermetallic particles were also characterised by means of energy 
dispersive spectroscopy (EDS). Figure 7 (a) shows a secondary electron image of an 
intermetallic particle, and its corresponding EDS maps showing presence of Al, Si, Sr and O 
elements  is presented in figure 7 (b-d). When examining the maps the intensity of the colour 
is representative of the relative intensity of the element. Thus, the black area in the Al map 
does not mean that there is no Al present but rather that it is much less than in other areas. 
Furthermore, Si and Sr have overlapping energy lines and thus higher intensity areas of either 
could simply be wrongly attributed to either element.  By using the ‘Trumap’ method in the 
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Aztec software, a distinction between the two elements could be achieved [42]. Previous 
research studies indicated that SrO could act as a nucleation site for similar intermetallic 
particles [40]. The O map shows an area of high O concentration indicating a possibility that 
this intermetallic particle could have nucleated on a SrO particle.  The stoichiometry of these 
intermetallic particles is difficult to determine from the SEM-EDS, but by inspecting the Al-
Si-Sr ternary phase diagram, it can be inferred that these particles are Al2Si2Sr particles [43]. 
 
 
Figure 8 (a-d) shows the cooling curves obtained by analysing the unmodified and Sr-
modified samples. In this figure the eutectic time growth is indicated along the thermal 
profiles (a and c), whereas a magnified plot on the eutectic transition (b and d) marks the 
eutectic nucleation temperature, minimum temperature and growth temperature. The major 
 
 
   
Figure 7: SEM-EDS characterisation of intermetallic particle showing (a) SE image, (b) Al 
EDS map, (c) Si EDS map, (d) Sr EDS map, (e) O EDS map.  
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differences between the two cooling curves can be identified in the undercooling phase, 
which is an indication of the microstructural modification, and the eutectic growth time. This 
longer eutectic time also provides an extended time for porosity growth.   
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Figure 8: Cooling curves showing the (a, c) entire thermal profile and the (b, d) eutectic 
section for the (a, b) Al-7Si and the (c, d) Al-7Si-0.04Sr. In these images the time of eutectic 
growth (tG), the eutectic nucleation temperature (TN), minimum temperature (TMIN), eutectic 
growth temperature (TG) and eutectic undercooling (∆T) are indicated. 
 
This study clearly shows that the XCT is a powerful technique in understanding porosity 
formation in Al-Si alloys. It is evident that the addition of Sr to Al-Si alloys results in 
increased porosity compared to unmodified alloys as shown in figure 1 to figure 5 and in 
table 2. The presence of oxides and intermetallic particles could act as heterogeneous 
nucleation sites for pore formation and depending on the availability of hydrogen present in 
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the melt, the pores grow and form large size pores in the castings. Denton et al [37] observed 
that the melt hydrogen content increases upon addition of 0.04%Sr in Al-Si alloys. Samuel et 
al [44] observed that the presence of impurities, such as Al-Sr-O or Al-Si-Sr, close to pores 
and hypothesised that these particles act as heterogeneous nucleation sites for porosity 
formation, with similar observations found in this study shown in figure 2 (b). Further, from 
differential analysis and cooling curve studies in figure 8 it is evident that the undercooling of 
the melt and eutectic solidification time increased upon addition of Sr to alloy. This increase 
in solidification time increases the freezing range and length of the mushy zone which 
ultimately results in an increase in porosity formation in modified alloys. With an increase in 
solidification time, there is more time for nucleated pore to grow with more hydrogen to 
diffuse into it. Atwood et al [5] developed a model for pore nucleation rate as a function of 
time and found that the increase in undercooling increases the pore nucleation sites. Once the 
pore nucleated, hydrogen diffuses into them resulting in pore growth and large pore 
formation. Figure 5 clearly shows that the pores in Sr modified alloys are significantly larger 
in size compared to pores observed in unmodified alloy. Felberbaum et al [45] studied pore 
morphology in Al-Cu alloys using XCT and found in their 3D rendering that interdendritic 
porosity originates from bifilms present in the alloy. Campbell [46] noted that pores can 
nucleate either from particles or biflims present in the alloy. In this study, for the first time 
we have shown that the presence of intermetallic particles could act as nucleating sites for 
pores in Sr modified Al-Si alloys. It is difficult to confirm whether pores nucleated on these 
intermetallic particles as samples were studied on solidified alloys. Future studies involving 
in-situ synchrotron 3D XCT studies during solidification from molten state would further aid 
in understanding the mechanism of pore nucleation and pore growth in aluminium alloy 
castings.  
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4. Conclusions 
• X –ray tomography was used to quantify porosity and intermetallic particles in Sr 
modified Al-Si alloys. The visualisation of pores and intermetallic particles in these 
alloys was carried out using a high resolution XCT with a voxel size of 390 nm.  
• XCT results show that the addition of 400 ppm of Sr to Al-Si alloy resulted in a 
higher volume fraction of porosity (by over 10%) compared to unmodified alloys. 
Further it was observed that the average equivalent diameter of pore increased from 2 
µm to 18 µm upon addition of Sr.  
• The XCT analysis of Sr modified alloy allowed for the analysis of the intermetallic 
particles present in the Sr-modified alloy. These intermetallic particles occupy a 
volume fraction of 0.03% and have an average equivalent diameter of 4.5 µm. SEM-
EDS analysis confirms the presence and formation of Al2Si2Sr type intermetallic 
compounds in Sr modified Al-Si alloys.  
• This study shows that the Sr modification results in formation of intermetallic 
particles and the presence of these intermetallic particles could act as heterogeneous 
sites for pore nucleation in the alloys. Further, it was shown that Sr modification 
affects undercooling and eutectic temperature which allows more time for already 
nucleated pore to grow into a large size pore in modified alloys compared to 
unmodified alloys.  
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3D microstructural studies on porosity and intermetallics formation in strontium 
modified Al-Si alloys  
 
Highlights:  
• X-ray tomography was used to study porosity and intermetallics in Sr modified Al-Si alloys.  
• Addition of Sr significantly increased porosity in Al-Si alloys.  
• Fine and spherical pores were observed in unmodified alloys compared to modified alloys.  
• It is hypothesised that Al2Si2Sr act as sites for porosity nucleation modified Al-Si alloys.  
 
